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I. Growth of Carbon Films on Monocrystalline Conpper (A. Vasudev and R.
F. Davis)

A. Background

Prins and Gaigher [1] recently reported that epitaxial diamond layers can be grown
on single crystal copper by means of high dose carbon ion implantation at elevated
temperatures. The ultra-thin (=400A) films were characterized as diamond using a d-
spacing determination from transmission electron diffraction patterns. They further
claimed from the electron diffraction patterns that the films siiowed a preferred orientation
with respect to the copper substrate. Several months ago Prins retracted his claim of
diamend heteroepitaxy on copper. Iicwew2t, recently he has renewed this claim regarding
the achievement of diamond by this technique. Recent examination of one of his films at
the Naval Research Laboratory using Raman Spectroscopy strongly indicated the
presence of diamond. Similar experiments by several investigators in the United States
have failed to duplicate Prins’ results. Lee et. al. [2] reported that the implantation-
outdiffusion mechanism does form single crystal carbon films on copper (100), (110),
(111), and (210) substrates, but the films are actually (0001) oriented graphite instead of
diamond. They characterized the films using transmission electron diffraction, Raman
spectroscopy, and x-ray diffraction. Experiments using ion implantation and annealing
parameters related to those used by Prins were also conducted at the Research Triangle
Institute (Posthill), the University of North Carolina (Swanson) and NCSU (Vasudev and
Davis) to verify the existence of a diamond film on (110) copper, but the results were
similar to those reported by Lee. The results obtained by the last investigators are
discussed below.

The traditional method of overcoming the problem of an unfavorable growth mode
is to restrict the growth kinetics to inhibit islanding. This is done either by decreasing ilic
growth temperature or by increasing the deposition rate. An alternative approach to this
dilemma would be to use a surfactant to alter the surface energy and thus the growth
mode of the film. By collectively lowering the surface energy of both the substrate and the
growing film it could be possible to achieve a Frank-van der Merwe type of growth for the
growing diamond film.

Surfactants can be used to alter the surface deliberately by filling the dangling
bonds which normally occur on the clean surfaces, thereby creating a stable termination.
For a surfactant to work effectively, it must fulfill the following criteria: (i) it must be
sufficiently mobile to avoid incorporation at a given growth rate; (ii) it must surface
segregate, and (iii) it must reduce the surface energy of both the substrate and the
overlayer. Desorption effects must also be considered since a complete surface coverage
is needed throughout the nucleation and growth process. The surfactant may also have to
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occupy epitaxial sites possibly assisting any exchange mechanism with the incoming
growth species. Thus, island formation and interdiffusion are kinetically inhibited without

any sacrifice of epitaxy.
Table I lists the candidate materials selected by this author for use as surfactants
for the growth of diamond on copper substrates. Silver was the first choice because of its

high melting temperature, low vapor pressure, low surface energy relative to copper and
lack of solid solubility with carbon and copper. Also no special care in terms of safety is
needed during the experiments, in contrast to the candidates of lead and bismuth. These
last two materials have higher vapor pressures and lower melting temperatures which

further restrict the limits of their use.

Table I. Surfactants on copper substrates.

Solid Solubility | Carbon solid
Element in Cu solubility in Vapor Pressure | Surface Energy
(Wt%) surfactant (Torr) (ergs/cm?)
Ag 779°C 8.1 0.036 at%C |400°C <10-1! | 1140+90 @
(T,=961°C) |700 4.8 @ 962°C  |500 2X10-10 (876-941°C)
600 25 800 5X10°
400 06 @ T
300 0.2 1302 259C
200  <0.1 02 @ (25°C)
Pb no solid 400°C 2X107 | 450@ Tn,
(T,,=328°C) | solubility below limited 500 3X10°3
328°C 600 4X104 }534 @ (25°C)
700  5X103
800 5X102
Bi no solid limited 300°C 1X109 [365@ Tp,
(T,=272°C) |solubility below | =0.0003 wt%C |[400  9X107
270°C @ 750°C 500 5X105 |382@ 25°C
600  1X103
700 1.5X10-2

Another possible solution for the growth of monocrystalline diamond films is by the

use of the travelling solvent method (TSM) [3].

In TSM, a thermal gradient across a

sandwich comprised of a thin layer of solvent (e.g., Pb) located between the source (e.g.,
graphite) and the seed (e.g., Ni) material. At the appropriate temperature, material is
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dissolved at both solvent-crystai interfaces; however, the solubility is greater at the
hotter interface. The resultant concentration gradient provides a driving force to move
solute through the liquid zone from the hotter to the cooler interface; the latter becomes
supersaturated and deposition occurs. This process may continue until the desired
amount of deposition is achieved or until the solvent zone has totally dissolved the source
material.

Lead is a good solvent material for such a process, since it possesses a low
melting temperature and does not form solid solutions with either Ni or graphite, the at
low temperatures. By sandwiching the lead between the Ni and graphite, the surface
tension should keep the liquid Pb from dripping off. Pb desorption at high temperatures.
where the vapor pressure is high, can be reduced by conducting the experiment in Ar
rather than in vacuum.

In the approach used in this study, C ions were implanted into single crystal
copper (110) substrates at room temperature and were annealed in the presence of a
hydrogen plasma. Surfactan:s were used in some instances to create a stable surface
termination in order to facilitate a Frank-van der Merwe type of growth for the growing
carbon film. The C out-diffusion was conducted in a controlled manner. X-ray
Photoelectron Spectroscopy (XPS), and Auger Electron Spectroscopy (AES) contained in
a UHV analytical system were used to characterize the growing carbon film.

B. Experimental
1. Ion Implantation and Annealing

A 99.999% pure, (110) oriented copper substrate, having a diameter of 0.5 inches
and a thickness of 1.5mm, was electropolished and cleaned. Carbon-12 ions, obtained from
a CO, source, were implanted at room temperature with a beam energy, dose and angle of
120keV, 5 x 1017 ions/cm? and 10°, respectively. The cleaning procedure, following this
implant, included a thirty minute exposure to ultraviolet light to remove the hydrocarbons
from the surface and a hydrochloric acid etch to remove the native oxide. Surface carbon
present from the implantation procedure was removed with a hydrogen plasma treatment
at 300°C for thirty minutes. The samples were characterized using the above mentioned

techniques.

2. Surfacrants
Silver, 99.999% pure, was the chosen surfactant for the second part of this study.

It was thermally evaporated on 12C-ion-implanted-Cu. The Ag film thickness was
estimated at ~40A. A long exposure to the atmosphere occurred prior to the C exsolution
procedure; thus a hydrogen plasma treatment (T=300°C) was employed to clean the




surface. Silver and Cu were the only elements detected by XPS following this plasma
etching treatment. The implanted C was exsolved from the Cu substrate at 550°C in the
hydrogen plasma. The tools of XPS and AES were used to characterize the annealed

surface.

3. Travelling Solvent Method

Lead, 99.999% pure, was thermally evaporated on (100) oriented single crystal Ni
and a polycrystalline, pyrolytic graphite sample. The Pb film thickness, measured by a
profilometer, was =5500A. The Pb-covered faces of both the Ni and graphite were mated
and placed on a flat tungsten boat in a thermal evaporator, as illustrated below:

Nickel (100) Low Temperature
- WA |
ungsten Lead
Boat ; \NAANANNANNN
Graphite
. P I_F:I High Temperature

Figure 1. The Travelling Solvent Method with Pb as the solvent.

The graphite substrate and the tungsten boat were in intimate contact throughout the
annealing procedure. The tungsten boat was resistively heated, in an Ar-rich atmosphere,
to a temperature such that the Pb melted (=450°C) and was held at this temperature for
one hour. Scanning electron microscopy (SEM) was used to characterize the Ni surface.

C. Results & Discussion
1. Ion Implantation and Annealing

An XPS survey scan was performed on the Cu (100) implanted substrate following
the UV and HCI cleaning procedures. All of the characterization was conducted in-situ,
since the sample was never removed from the UHV chamber. The hydrocbhloric acid
effectively removed all of the surface oxide and apparently left the surface hydrogen-
terminated. Impurity C on the copper surface was removed before the out-diffusion study
was performed. It was deemed necessary to conduct this cleaning step at an efficiently
low temperature such that the implanted C atoms in the bulk did rot diffuse to the surface
of the Cu. This was accomplished by heating the substrate with the help of a hydrogen
plasma at 300°C for thirty minutes. An optical pyrometer was used to measure the
substrate temperature. The sample was positioned inside the plasma. At 300°C, the C
etch rate is faster than its exsolution rate; thus, the surface is left free of any C.




An exsolution temperature of 400°C was selected since it lies in a temperature
regime where the etch rate of graphite and the exsolution rate of C to the Cu surface in the
H; plasma are similar. At the lower temperature of 300°C the H; plasma etches the
surface graphite readily. By contrast, at 550°C the diffusion of C from the bulk is faster
than the etch rate of the graphite by the hydrogen plasma thus resulting in an overgrowth
(see Ref. [4]). The much higher temperature of 800°C was also investigated, since it had
been reported by Yoder (private communication) that diamond films could be realized in
this high temperature regime, if the Cu surface was very clean.

The thesis underlying this approach was that the atomic hydrogen from the plasma
would preferentially etch any sp? bonded graphite nuclei that formed on the surface
leaving behind any sp3 bonded diamond nuclei, since the sp2/sp3 etch rate ratio is =100/1.
After annealing for 5 hours at 400°C in a hydrogen plasma, the XPS spectra showed the
presence of C on the surface. Figure 2(a) illustrates this point. The C;s peak is observed
along with the characteristic Cu peaks intensity. The absence of a carbide peak indicates
that the bonding between the C and Cu is weak, a necessary condition for diamond growth
by the implantation-outdiffusion method proposed by Prins.

Auger electron spectroscopy was used to identify the carbon polymorph present on
the surface. In this case, the C present was identified as pyrolytic graphite (sp2 bonding),
since the C(KLL) fine structure, shown in Figure 2(b), has the highest intensity peak at a
lower binding energy. By contrast, for diamond, the highest intensity peak should be at a
higher binding energy due to the sp3 bonding. Similar results were realized for an
annealing temperatures of 800°C as shown in Figure 3.

None of the surfaces from these experiments had sufficient details such that
features could be resolved by SEM. The presence of atomic hydrogen during the anneal
invariably etched a large portion of the exsolved surface C leaving a few monolayers at

most on the surface.

2. Surfacrants

The XPS survey scan (shown in Figure 4) was obtained following the H; plasma
clean. The only elements detected were Ag, and Cu. The next step was to activate the C
atoms within the Cu lattice such that they out-diffused to the Cu-Ag interface. This
procedure was conducted in the H; plasma at 550°C in a similar manner as the procedure
described above in Part I-C-1. The XPS results showed the presence of Cu and C but the
Ag peak had disappeared. It is believed that at 550°C and in the presence of a hydrogen
plasma the Ag was lost as a result of etching from the surface rather than by diffusion into
the Cu bulk.
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Figure 2. (a) XPS and (b) AES spectra of a copper surface following a 400°C, 5 hour
anneal in a hydrogen plasma. These spectra verify the presence of carbon on
the surface in the form of graphite.




Cu2psp, Survey scan: 800°C, 5 minutes
in a hydrogen plasma
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Figure 3. (a) XPS and (b) AES spectra of a copper surface following an 800°C, 5 minute
anneal in a hydrogen plasma. These spectra verify the presence of carbon on
the surface in the form of graphite.
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Figure 4. XPS spectra of (a) Ag on a clean copper surface after a 300°C hydrogen plasma
clean but before a 520°C anneal; (b) Post 520°C anneal: Ag is no longer
present on the surface. Also, the ion implanted C has out-diffused from the
bulk.

3. Travelling Solvent Method

The only surface phase seen on the (100) oriented Ni were droplets of Pb. No
platelets or flakes of graphite or diamond were observed anywhere on the Ni surface.
Perhaps 450°C is not a sufficiently high temperature for the graphite to dissolve into the




Pb. It may also be that a sufficiently thermal radiant was not established to cause the
atomic C to diffuse through the Pb to the Ni. Results from a higher temperature anneal
and/or steeper thermal gradient must be obtained to determine if this idea has any merit

for the growth of diamond films.

D. Conclusions

All of the experiments performed in this study resulted in a graphitic surface
phase. An effective cleaning method, as by XPS, has been established for removing the
surface impurities C and O. The exsolution of C from Cu (100) occurs even at 400°C.
Silver was used as a surfactant but was lost during the 520°C anneal in the hydrogen
plasma. Perhaps annealing in-vacuo or in Ar could solve this desorption problem.
Deposition of C on Ni did not occur using the travelling solvent method.

E. Objectives

The research for the next reporting period will continue to have as its objective, the
formation of monocrystalline diamond on non-diamond substrates such as single crystal
Cu. Additional implantation studies through a graphite grid into Cu(100) and Cu(110)
followed by outdiffusion will be investigated. In addition, fine line deposits of graphite will
be produced followed by the outdiffusion of the implanted C. In this way, the edge of the
graphite flakes in the deposited lines may be used as a nucleation sites. Work regarding
surfactants and the traveling solvent method will also continue.
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II. Interface Reactions of Titanium on Sin%le Crystal and Thin

Film Diamond Analyzed by U Photoemission

Spectroscopy
J. VanderWeide and R.J. Nemanich

Department of Physics, North Carolina State University,
Raleigh, NC 27695-8202, USA

Abstract

The reactions of titanium on natural crystals and CVD polycrystalline thin
films were studied by uv-photoemission spectroscopy. The focus of this study
was to characterize the interface reactions and to determine the Schottky
bari.er of titanium on diamond, deposited and annealed in UHV.
Spectroscopic features attributed to the electronic states of Ti-C were
identified, and the formation of titanium carbide was observed as a function of
annealing temperature. The onset of a titanium-carbon reaction was observed
after the 400°C anneal. A well defined TiC spectra was observed after
annealing to 600°C. The Schottky barrier height from Ti on natural p-type
diamond (111) was obtained by determining the valence band maximum and
the Fermi level, and a barrier height of 1.0+0.2 eV was found.

Introduction

Along with the rapidly advancing field of CVD diamond thin films for
electronic applications, there is an increased interest in metal contacts on
diamond. These contacts can be either ohmic or rectifying, depending on the
metal, surface preparation prior to metal deposition and treatment of the
contact [1]. Titanium is known to form a Schottky contact on diamond when
deposited at low temperatures but is generally used to form an ohmic contact
by annealing the contact above 580°C [2,3], or by depositing the titanium while
the diamond is kept at 400°C [4]. The transition from rectifying behavior to
ohmic behavior after annealing has been shown for carbide forming metals [2].
In this study we have employed angle resolved uv-photoemission
spectroscopy, (ARUPS), to observed the onset of titanium carbide formation for
UHV deposited titanium films on both single crystal diamond and diamond thin
film.

Although there have been many reports of the rectifying behavior of
titanium on diamond, to our knuwledge no measurements of the Schottky
barrier height have been reporied. Due to the high ideality factor of the
titanium-diamond rectifying contact it is generally difficult to determine the
Schottky barrier height using |-V measurements. The position of the valence
band maximum on the surface of diamond relative to the Fermi level of a
titanium film can be determined from the ARUPS data. The energy ditference
is the Schottky barrier height for the metal on a p-type semiconductor. This
technique was used to determine the Schottky barrier heighi for UHV




deposited titanium on both diamond thin film and single crystal, type B,
diamond with a (111) orientation.

Experimental

The ARUPS dz‘a was measured with a 50mm hemispherical analyzer with
an ultimate energy resolution of 0.02eV and an angular resolution of 2°. The
analyzer is mounted on a two stage goniometer which allows angle
dependent measurements. As an excitation source a differentially pumped
helium discharge lamp was used, which generated Hel (21.2eV) radiation.
The base pressure of the ARUPS chamber was <1 x 10-° Torr with an
operating pressure of 5 x 10-2 Torr. The sample was mounted on a heatin
stage which allows the samples to be annealed up to ~1000°C. The ARUP
chamber is equipped with a Ti-filament deposition source. The pressure
during deposition was ~5 x 10-8 Torr which dropped rapidly after the filament
was turned off. The samples can be transferred from the ARUPS chamber
under UHV conditions into a rf-plasma chamber. Both argon and hydrogen
plasmas were employed to clean the diamond surfaces.

The single crystal diamond wafers, 3x3x0.5 mm, type IiB, with (111)
orientation, were polished in 0.25 uym diamond grid and chemically cleaned
prior to loading into the vacuum. The chemical cleaning procedure consisted
of a 10 min. etch in fuming sulfuric acid, to remove wax used to hold the
diamond in the polishing process, a 45 min. etch in fuming chromic acid, to
remove graphitic material and concluded by a 10 min. etch in aqua regia to
remove metal contaminants. The chromic acid was produced by saturating
sulfuric acid with CrO3. Once in vacuum the sample was further cleaned in a
H and Ar plasma before Ti was deposited. The diamond thin films used in this
study were grown in a hot filament system. These samples were loaded into
the vacuum without ex situ cleaning. The samples were however annealed in
situ to above 750°C for 10 min. and exposed to an H/Ar plasma for 30 min.
prior to Ti deposition. All the samples were mounted with Ta wire on a
Molybdenum sample holder. Spectra were obtained for increasing titanium
coverages until the diamond features in the Zpectrum were totally replaced by
Ti features. For the annealing study a 30A layer of Ti was deposited and
consequently annealed at increasing temperatures in 100°C increments, for 5
min., after which spectra were obtained.

Results and Discussion

In order to determine the Schottky barrier height from ARUPS data, it is
necessary to determine the position of the valence band edge in the spectra.
The uv-photoemission spectrum of single crystal diamond C(111) at surface
normal emission is shown in Fig. 1. The valence band edge can be clearly
distinguished by the onset of emission at about 1 eV below the Fermi level.
The valence band edge position was determined by linear extrapolation of the
slope to zero and was found to be 8.1 eV above the strong peak near 8.5 eV.
The valence band position was expressed relative to this peak since it
remained visible for increasing titanium coverages. In the same figure a
spectrum is shown of the C(111) surface at an angle of 30° off normal along
the [110] direction. in this spectrum, the onset oi emission shifted -0.6 eV while
the strong peak shifted +0.3 eV, the difference between the onset of emission
and the reference peak is found to be 7.2 eV. We suggest that the differences
in the onset are caused by a downward dispersion of the valence band edge




away from the I" point in the bandstructure [5]. The spectrum at surface normal
emission reflects the valence band at the I' point and shows therefore the
valence band maximum. A spectrum of a diamond thin film is shown in Fig. 1.
For the film, the onset of the emission appears at 7.5 eV above the main peak.
We suggest that this is due to the fact that the diamond thin film consists of
randomly oriented crystals, which makes the spectrum of diamond thin films in
effect equivalent to an angle integrated spectrum of single crystalline diamond.
The relative energy of the valence band to the strongest feature of the ARUPS
for single crystal diamond at normal emission angle was therefore used to
determine the valence band maximum. The determination of the valence
band maximum and hence the Schottky barrier height is less accurate
however, since the position of the main peak is also angle dependent, as
noted above.
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Fig. 1 ARUPS spectra of C(111) at normal emission and at 30° off normal,
along the 110 direction and of diamond thin film. The solid line
shows the position of the valence band maximum, derived from the
onset of the C(111) spectrum at surface normal. The vertical lines
show the onset of the of the other spectra.

in order to determine the Schottky barrier height, titanium was deposited at
room temperature on the single crystal diamond (Fig. 2) and the diamond thin
film (Fig. 3). After the first deposition of titanium on the C(111) surface no
titanium features could be discerned although the spectrum shifted by 0.45 eV
toward lower energies. After further deposition a sharp Fermi edge
developed, due to emission from the d-band of titanium. The diamond




valence band energy was determined using the method described above, and
a barrier height of 1.0+0.2 eV was deduced. Following the first deposition of
<1A of titanium on the diamond thin film, no titanium could be detected in the
ARUPS spectrum, and the spectrum was found to shift 0.35 eV toward lower
energies. After further titanium deposition the Fermi level developed while the
diamond features were attenuated but still visible. Again, from these spectra,
the diamond valence band maximum was determined, and a Schottky barrier
height of 0.9 (+0.5/-0.2) eV was found for titanium on the diamond thin film. The
asymmetry in the error is related to the fact that the main peak position is angle
dependent.
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Fig. 2 Normal emission spectra of C(111) as a function of titanium
coverage.

ARUPS spectra of the annealing of a 30A layer of titanium on a diamond
thin film are shown in Fig. 4. The emission at the Fermi edge is again due to
the titanium d-band. It has been suggested that the broad peak near -5.5 eV is
due to a contamination of the deposited titanium layer, possibly oxygen or
hydrogen [6]. No diamond features could be discerned. Subsequent spectra
were obtained after annealing the film at increasing temperatures, at 100°C
increments. After annealing the film to 400°C a peak starts to appear around
-3.5eV and gets more pronounced after annealing to higher temperatures for 5
minutes at a time. This peak is associated with Ti-C bonding [6] and shows the
development of Ti-carbide formation which reaches its completion after a
600°C anneal. This correlates well with the transition from rectifying behavior
to ohmic behavior as described by Gildenblat [3].
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below the Fermi level is indicative of Ti-C formation.




Summary

Using ARUPS the Schottky barrier height was determined for titanium on
both single crystal diamond and diamond thin film. The Schottky barrier height
of titanium on single crystal diamond was found to be 1.0+£0.2 eV which
compared well with the value of 0.9 (+0.5/-0.2) eV found for titanium on
diamond thin film. Also the transition from titanium to titanium-carbide was
observed to occur for a 30A layer of Ti on diamond thin film after a 600°C
anneal. The onset of the interface reactions were observed at 400°C.

Acknowledgements

We thank K. Das of Kobe Research for his help in establishing a cleaning
procedure for the diamond wvafers, T. Schneider for the plasma cleaning work
and T. Humphreys for helpful discussions. We also acknowledge =. Jansen
and M.A. Machonkin of Xerox Corp. for suppling the diamond thin films. This
study was supported in part by the Office of Naval Research (Contract
#N00014-90-J-1707) and the MITI of Japan through the NEDO program.

References

1] Y. Mo, H.i Kawarada, A. Hiraki, Appl. Phys. Lett 58, 940 (1991)

2] K.L. Moazed, R. Nguyen, J.R. Zeidler, IEEE Electr. Dev. Lett. 9, 350 (1988)
3] G. Sh. Gildenblat, S. A. Grot, C. W. Hatfield, A.R. Badzian, T. Badzian, IEEE
Electr. Dev. Lett. 11, 371 (1990)

[4] H. Shiomi, H. Nakahata, T. Imai, Y. Nishibayashi, N. Fujimori, Jap. J. of
Appl. Phys., Part 1 (Regular Papers & Short Notes) 28, 758 (1989)

5] G.S. Painter, D.E. Eliis, A.R. Lubinsky, Phys. Rev. B 4, 3610 (1971)

6] D.E. Eastman, Solid State Comm. 10, 933 (1972)




III. TITANIUM-BASED COMPOUNDS AS ELECTRICAL
CONTACTS FOR DIAMOND (J. T. Kelliher and K. J.
Bachmann)

The objective of this program is to explore the utility of deposited contacts to
diamond. The deposition of TiN avoids chemical interactions of the contact metal and the
underlying diamond. This will alter the defect chemistry under the contact relative to that
of the pure metal contact and thereby affect the electrical properties.

We have chosen remote plasma-enhanced chemical vapor deposition (RPCVD) and
plasm. -assisted chemical beam deposition (PACBD) as processing methods, since low
temperaiure deposition and high resolution are generally desirable aspects of the contact
formation process. The work on engineered interlayers in the context of contacts to
diamond supplements the work of Tachibana in the laboratory of Professor Glass and
VanderWeide in the laboratory of Professor Nemanich who have studied the formation of
Au, Al and Ti contacts to diamond including the reactive formation of titanium carbide
upon annealing of Ti metal films directly deposited onto diamond.

In order to carry out the proposed research, a RPCVD/PACBD system has been
designed and built. The system operates in the RPCVD mode in the milli-torr range and in
the PACBD mode in the 10-7 to 10-5 torr range. System overviews for operation in these
two modes are presented in Figures 1 and 2. The load lock and substrate heating stage
presently permit the use of wafers with diameters to 2", but they can be upgraded to
wafer dimensions <6" if required. The ECR source shown in Figure 2 replaces the rf
plasma source shown in Fig. 1 under the conditions of PACBD. The former source is
presently not part of the system and will be added in the future.

Initial runs with the system have employed the RPCVD process for TiN deposition.
Presently Si substrates are being used to determine the correct processing parameters
(optimum deposition temperature, gas flow rates, plasma power, etc.). The initial results
using TiCly and N3 introduced through the dispersal rings with H* enhancement of the
deposition rate allow the deposition of TiNy at temperatures between 400-500°C.
Selective deposition has also been achieved. The TiNx deposits readily on the bare
silicon, but no deposition of TiN occurs on SiO2 covered regions. At present, the films are
Ti-rich; thus, must be made in the processing parameters to deposit stoichiometric TiN.
These adjustnients are presently being established. Also, the introduction of the N7 into
the plasma region and the alternative use of NH3 instead of N, will be evaluated.

Future research will include the use of the PACBD technique in order to achieve
higher resolution in both the lateral contact dimensions and layer thickness. These
parameters will be important in the implementation of miniaturized devices on
polycrystalline diamond films and multilayer contacts.
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ABSTRACT

Diamond films have the potential of being used as the high temperature insulator
In space nuclear power components such as thermionic and thermoelectric energy
conversion devices. The bulk electrical resistivity of the films should be sufficiently high
and the films should be stable at the highest operating temperatures of these components.
There appears to be a large difference (several orders of magnitude) in room temperature
resistivity between films fabricated using various techniques, conuitions, and substrates.
A variation in resistivity between films at high temperatures has also been observed but
is not as pronounced as at room temperaiure. The resistivities of several films have been
measured from room temperature to 1200C and will be reported. The Raman Spectra
of the films were taken and they were examined in the SEM. The resistivities have also

been compared to that for natural type Ila diamond.

INTRODUCTION

The energy conversion components of high temperature space nuclear power
sources (thermionic and thermoelectric) have the need for a high temperature electrical
insulator that is structurally and electrically stable under the continuous exposure to the
harsh environment of a space nuclear reactor. The insulator would need to maintain
exposure to at least a temperature of 800C, a 1 MeV neutron fluence of 10™n/cm?, and
possibly direct contact with a liquid alkali metal coolant. The ideal material for this
application would maintain a high bulk electrical resistivity to prevent leakage current
losses while providing a high thermal conductivity to enhance the cooling process of

Presented at: 2nd Int. Symp. on Diamond and Diamond Materials, ECS Meeting,
Washington, DC, May 5-10, 1991. To be published: ECS Symposium Series.




certain components. A diamond film is an excellent candidate to be this insulator if it
can fulfill these requirements.

The diamond films that appear to have the most promise of meeting these
requirements are those synthesized by plasma-enhanced chemical vapor deposition
(PECVD) techniques. These films display typical Raman spectra of diamond with a
strong, sharp diamond bonded carbon signal at 1332 wave numbers and, for some films,
a lesser and more broad non-diamond bonding signal at 1550 wave numbers representing
a graphitic or amorphous carbon component. A comparison of the electrical properties
of these films with those of natural diamond over a wide range of temperature is a good
indicator of the high temperature insulating performance of state-of-the-art diamond
films.

The thermal conductivity of PECVD diamond films at room temperature has been
measured to be around 18 W/cm-K [1] indicating that these diamond films are superior
in this property to all known materials at room temperature except for natural diamond
(20 W/cm-K for type Ila). The electrical resistivity of many diamond and diamond-like
films have been measured at room temperature. Resistivity values at this temperature
have ranged anywhere from 10° - 10" ohm-cm compared to 10'® ohm-cm for natural type
Ila (low nitrogen content) diamond. From this prior data, it appears that diamond films
deposited to date have not equaled the uiectrical insulating properties of natural diamond
at room temperature. There 1s a lack of data, though, for diamond films and natural
diamond resistivity at high temperatures (above 700C).

We recently presented results which were the first electrical
conductivity/resistivity measurements of diamond and diamond film at temperatures up
to 1200C [2]. Two natural Ila diamonds, two diamond films, and three diamond-like
films were evaluated in this study. The diamond films displayed high temperature
resistivities that, in one case, approached that of the natural diamond and, in the other,
actually exceeded the resist'vity of the natural diamond. An activation energy of 1.4 eV
was found for both of the natural diamonds from the slope between 300 and 1200C. The
diamond films appeared to have different conduction mechanisms between the
temperature ranges of 200 to 600C and 600 to 1200C with activation energies of 0.9 eV
and 1.8 eV respectively.

It is clear from a review of previous studies that the processing techniques of the
diamond films has a substantial effect on the electrical quality of the sample. As the
deposition of diamond film is becoming a popular among many researchers, the
importance of utilizing well established sources of test samples is emphasized.

Measuring the electrical resistivity of diamond films to higher temperatures and
then back down to room temperature will also provide information regarding the stability
of the films and the bonding of the film to the substrate. There is also evidence that




post-growth heat treatment of diamond films stabilizes the electrical activity of the
hydrogen within the film which increases the bulk electrical resistivity [3]. This behavior
can be verified by the resistivity measurements during thermal cycling.

EXPERIMENTAL

An apparatus was specifically designed and built with the ability to measure very
high resistivity insulators up to a temperature of 1. X0C. The sample holder and oven
are shown in Figure 1. The holder was made of 998 pure alumina and all of the wiring
feedthroughs and connections were made in such a way to ensure that leakage currents
bypassing the sample were as low as possible. A DC two probe method with a guard
ring and volume guard were used to measure the bulk electrical resistivity of the samples
perpendicular through the plane of the samples. A long niobium center probe rested,
with some pressure, on a small iridium disk on top of the sample. A cylindrical niobium
volume guard fit around the center probe and also rested on the top of the sample. A
large area iridium electrode was placed underneath the sample as the second probe.

The conductivity measurement limits of the apparatus has been characterized and
the results presented [2]. Below 900C, a slight conductivities of 10'¢ to 10" ohm™'cm’!
were measured using a highly resistive sapphire sample. It is believed that lower
conductivities cannot be measured (i.e. a maximum resistivity of 10'® to 10'7 ohm-cm).

The diamond films used in this study were two samples from Crystallume, two
samples from North Carolina State University, and one sample from a joint research
effort by Wright Laboratory and Universal Energy Systems (UES). A natural type Ila
diamond was also evaluated and considered in the results. One diamond film from
Crystallume, sample CSW-M-6-NS, was deposited on a silicon substrate by a microwave
assisted PECVD method. The film thickness was calculated by Crystallume, based on
nominal growth rates, to be 6 microns. The other film from Crystallume, sample 7-B-
171 was a 3 micron diamond film deposited on a molybdenum substrate using DC
plasma-enhanced CVD techniques. The molybdenum substrate represents a refractory
metal material that will likely be used in thermionic or thermoelectric energy conversion
components. . The DC deposition technique would also likely be used in fabricating a
thermionic diamond sheath insulator. Both of these samples were post-growth heat
treated at Crystallume’s facility.

Both samples from North Carolina State University were grown in Astex
cylindrically coupled stainless steel microwave plasma CVD reactor. The first film,
sample BS13-B2, was grown immersed and the second sample, BS3-A, was grown down
stream from the plasma. Both films were grown on undoped silicon (100) substrates with
a methane-to-hydrogen ratio of 1 %. Neither film received any post deposition treatment.
Samples BS13-B2 and BS3-A were approximately 9 microns and 5.5 microns thick
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respectively, as determined from cross-sectional SEM.

The UES/ Wright Laboratory sample was a 5 micron thick film deposited on a
silicon substrate using a microwave assisted PECVD technique. The deposition process
was still being optimized for high resistivity films at the time that this sample was
submitted. This sample was, therefore, considered to represent a slightly less than state-
of-the-art quality insulating diamond film.

EXPERIMENTAL RESULTS AND DISCUSSION

The electrical conductivity measurements of the two diamond film samples from
Crystallume compared with a type Ila natural diamond are shown in Figure 2. The room
temperature resistivities of both samples were extremely high, with the diamond film on
molybdenum, sample 7-B-171, approaching natural diamond at the maximum
measurement limit (just below 10'® ohm-cm). At a temperature of 1000K, the
resistivities of both films were approximately equal at 5 x 10° ohm-cm, while the natural
diamond remained slightly higher at 10° ohm-cm. The activation energies, determined
from the slope between 40°C and 300°C, of CSW-M-6-NC and 7-B-171 were 0.6 eV and
0.9 eV respectively. A different conduction mechanism between 300°C and 800°C was
most likely responsible for higher activation energies of 0.9 eV and 1.1 eV for the
respective films. These higher vaiues can be compared to the natural diamond activation
energy of 1.4 eV in that temperature range [2].

The electrical conductivity measurements ol the UES/ Wright Laboratory diamond
film are shown in Figure 3. The sample had a room temperature resistivity of
approximately 10" ohm-cm but the resistivity at 100K was measured to be slightly
higher than that of natural diamond. The conduction mechanisms of this film can be
characterized by activation energies of 0.1 eV between 40°C and 300°C and 0.8 eV
between 300°C and 900°C.

The electrical conductivity measurements of the North Carolina State University
diamond films are shown in Figure 4 and 5. The most outstanding features of these two
plots are the initial room temperature resistivity measurements. The resistivity values
are several orders of magnitude less than the cventual room temperahire resistivity once
the films had undergone at least one temperature cycle. Since these films were not post-
growth heat treated, this observation agrees with earlier results [3], where it was
theorized that electrical activity of hydrogen in the film is responsible for the excess
electrical conduction at room temperature. The resistivities at 1000K for both films were
between 10° and 10° ohm-cm. Both films displayed activation energies of 0.8 eV at
temperatures above 300°C.
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SUMMARY

The electrical conductivity of five diamond films from three different sources
were measured from room temperature to 1200°C. The room temperature electrical
resistivities of the different films varied several orders of magnitude depending on the
processing techniques used during deposition. One of the Crystallume samples was
measured to have a room temperature resistivity which is the highest measured to date,
but still below the "actual” value for natural diamond. The initial room temperature
resistivities of both of the North Carolina State University diamond films were very low
due to the absence of post-growth heat treatment in the processing of these samples.

The electrical conductivity values converged at higher temperatures and there was
much less variation between films at a temperature of 1000K. The natural diamond and
all of the diamond films had measured resistivities between 10° and 2 x 10° ohm-cm at
1000K. This is of much interest since a diamond film would most likely be maintained
around this temperature in a space nuclear power component application. Systems
studies must be completed to realize if these electrical properties at 1000K are adequate
for each thermionic or thermoelectric application.

The activation energies of the five diamond films ranged from 0.1 eV to 1.1 eV
compared to 1.4 eV for the natural diamond. This range of activation energies shows
how different processing techniques can lead to a variation in impurity characteristics and
conduction properties. It is suggested that vacancy loops or acceptor/donor impurities
at the grain boundaries of the diamond films are responsible for the various conduction
mechanisms and resulting activation energies. Considerably more work needs to be done
to get a better understanding of the fundamentals of the conduction mechanisms.
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The Potential of Diamond
and SiC Electronic Devices for Microwave
and Millimeter-Wave Power Applications
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Invited Paper

There is significant interest in developing microelectronic devices
for blue emission, high temperature, high power, high frequency,
and radiation hard applications. This interest has generated sig-
nificant research effort in wide bandgap semiconductor material,
in particula.” SiC and semiconducting diamond. Both of these
materials are similar in crystal structure with half of the carbon
atoms in the diamond structure replaced by Si to produce SiC.
However, the latter material exists in a host of polytypes, the
causes of which are not completely understood. The deposition
of monocrystalline diamond at or below 1 atm total pressure at
T<1000°C has been achieved on diamond substrates, although
deposited film has been polycrystalline on all other substrates. For
significant application to electronic devices, the heteroepitaxy of
single crystal films of diamond and an understanding of mecha-
nisms of nucleation and growth, methods of impuri:y introduction
and activation, and further device development must be achieved.
The technology of producing SiC is more advanced and the de-
position of thin films and the associated technologies of impurity
incorporation, etching, and electrical contacts have culminated
in a host of solid-state devices. In this paper, the potential of
SiC and diamond for producing microwave and millimeter-wave
electronic devices is reviewed. Both of these materials have been
proposed for fabrication of devices capable of producing RF output
power significantly greater than can be achieved with comparable
devices fabricated from commonly used semiconductors such as
Si and GaAs. Theoretical calculations are presented of the RF
performance potential of several candidate high frequency de-
vice structures: the MEtal Semiconductor Field-Effect Transistor
(MESFET), the IMPact Avalanche Transit-Time (IMPATT) diode,
and the Bipolar Junction Transistor (BJT).

I. INTRODUCTION

The utilization of semiconducting SiC and diamond for
high frequency electronic devices has been of interest
to device physicists for many years. For example, the

Manuscript received October 25, 1990; revised January 14, 1991. This
work was supporied by the SDIO/ONR under Contracts NOOO14-86K-
0666, N0OOO14-90-J-1604, and NO(014-88-K0341.

The authors are with the Electrical and Computer Engineering Depart-
ment, North Carolina State University, Raleigh, NC 27695-7911.

electronic properties of diamond were investigated in the
1930’s [1] and serious work with SiC dates at least to the
early 1960’s. Some of the initial interest in these materials
was for high temperature, corrosion resistant semiconduc-
tors. As the material parameters became better known it
became apparent that these materials possess a combination
of parameters that, in many respects, make them ideal
for various applications, including high frequency devices.
Diamond has been proposed for use as detectors (radia-
tion and ultraviolet photodetectors), power and microwave
devices (bipolar, field-effect, and permeable base transis-
tors, IMPATT diodes), green-blue LED’s, thermistors, and
switching devices. Devices that can be fabricated from
SiC include LED's, thermistors, MESFET’s, bipolar and
heterojunction transistors, and various types of diodes.

The early attempts to utilize these materials were hin-
dered by technological problems related to crystal growth
and purity and to the development of suitable ohmic and
rectifying contacts. Although rapid progress has been made
in recent years on solutions to these problems, growth and
device fabrication technology is still primitive compared
to Si and GaAs and the necessary technology has not yet
developed to the point wlere high performance devices
can be easily fabricated. At the current state-of-the-art, SiC
technology is more advanced than that for diamond and
electronic devices are being reported. Preliminary work has
also been reported on diamond devices using both natural
and synthetic crystals.

In this paper, the potential of SiC and diamord for
producing high performance microwave and millimeter-
wave electronic devices is investigated. It is shown that
both of these materials possess characteristics that may
permit RF electronic devices with performance similar to
or greater than what is available from devices fabricated
from the conventional semiconductors, Si, GaAs, and InP.
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The investigation makes use of theoretical computer simu-
lations of the MEtal Semiconductor Field-Effect Transistor
(MESFET) and the IMPact Avalanche Transit-Time (IM-
PATT) diode. Bipolar Junction Transistor (BJT) operation
is also investigated by means of a large signal microwave
equivalent circuit model. These devices represent some of
the most commonly used electronic devices for microwave
and millimeter-wave applications and also, the most likely
devices ta be suitable for fabrication from the wide bandgap
semiconductors. Of these, the MESFET is of particular
interest since it is structurally a simple device and readily
fabricated in a variety of semiconductor materials. The
MESFET can be operated over a wide frequency range ex-
tending from the low megahertz (MHz) region to well into
the millimeter-wave bands (i.e., well over 100 GHz). The
IMPATT diode can also have a relatively simple structure
and is attractive for high frequency applications. IMPATT
devices fabricated from GaAs and Si have operated as high
as 250 GHz and 430 GHz, respectively. The BJT has a
relatively complex structure and high performance devices
will most likely be difficult to fabricate in wide bandgap
semiconductors. In particular, technological and material
problems will likely limit the high frequency performance
of these devices to the low microwave region. However,
BJT’s fabricated from wide bandgap semiconductors are
attractive candidates for low frequency (UHF and below)
power applications.

The accuracy of the theoretical calculations is dependent
upon the values used for the material parameters required
in the device models. For extensively used semiconductors
such as Si and GaAs, these parameters have been studied
using a variety of experimental and theoretical techniques.
For SiC and especially for diamond, however, the material
parameters are not well known. Semiconducting diamond
has not yet been well characterized due to significant
difficulties in producing device quality material. Suitable
techniques for introducing donor impurities with reason-
able activation properties to create n-type semiconducting
layers in diamond are not currently known. Boron can be
introduced into diamond to produce p-type epitaxial layers.
However, the relatively high activation energy of boron
acceptors may require high temperature operation (e.g.,
500°C-600°C) to obtain appropriate charge densities. Since
hole transport rapidly degrades with temperature, demon-
strating approximately a 7~ 2® temperature sensitivity, it
may prove difficult to fabricate high performance p-type
microwave devices.

The material data used in this work was obtained from
published reports and from discussions with various re-
searchers. Although uncertainty exists in specific parameter
values an attempt was made to select reasonable values for
use in device applications. The diamond device calculations
assume the existence of activa‘ed n-type semiconducting
epitaxial layers. Although such crystals do not presently
exist, the available data indicates that n-type material would
produce the highest performance devices. Future research
may result in the availability of suitable device quality
material.

TREW ¢1 al . POTENTIAL OF DEVICES FOR POWER APPLICATIONS

II. BACKGROUND

A. SiC

Silicon carbide is the only compound in the SiC system
that exists in the solid state, but it can occur in many
polytype structures [2], [3]. More than 170 polytypes have
been identified. The lone cubic polytype crystallizes in the
zincblende structure and is denoted as 3C- or 3-SiC. The
additional hexagonal (H) ard rhombohedral (R) polytypes
are collectively referred to as a-SiC. The most common
polytypes are 3C and 6H; however, 4H, 15R, and 2H
have also been identified in crystalline form, but are rare.
Most of the polytypes are extremely stable, except that
2H is unstable and can transform to other polytypes at
temperatures as low as 400°C. The most stable polytype
is 6H-SiC [4].

Silicon carbide does not exist in significant quantities
in nature. The first reported synthesis was accidental: the
result of attempts by Berzelius to make diamond. The de-
velopment of the Acheson process [5] in 1891 brought SiC
production to commercial scale in the abrasives industry.
Initial SiC research was generally conducted using crystals
that were occasional by-products of this process. In 1955,
Lely [6] developed a laboratory version of the industrial
sublimation process and was able to produce rather pure a-
SiC single crystals. Due to the growth temperature of about
2500°C, only «-SiC polytypes were produced in the Lely
process. Growth of 3-SiC was sometimes observed during
the cool down phase. The doping level of the SiC crystals
depends strongly upon the impurity content of the starting
material, the quality of the argon atmosphere, as well as
temperature and duration of degassing cycles used in this
process. The success of the Lely process led to significant
research effort directed toward development of SiC during
the 1960’s.

The electron transport characteristics of 3-SiC over the
temperature range of 27°C-730°C are predicted from the-
oretical calculations to be significantly greater than can
be obtained from «-SiC due to reduced phonon scat-
tering in the cubic material. For this reason. there is
significant interest in the growth of thin films of 3-SiC
for device applications. Epitaxial films of (3-SiC have
primarily been grown on chemically converted surfaces
of monocrystalline Si(100) substrates by chemical vapor
deposition using the high purity gases of SiH; entrained
in the carrier gas of Ha. A review of growth techniques
can be found in [7], [8]. Silicon carbide can be doped
n- or p-type by diffusion [9]. epitaxial growth [10]. [11].
and ion-implantation [12]-{14]. The diffusion of dopants
into SiC requires temperatures around 1900°C, and special
precautions are necessary to prevent sublimation of the
bulk crystal at this temperature. Moreover, this temperature
is considerably above the melting point of SiO,, and
no commercially attractive alternative diffusion masking
material has yet been found. Therefore, doping during
epitaxial growth or ion implantation with B or Al (p-type)
and P or N (n-type) is more suitable for SiC devices.
Using epitaxial growth, the dopant gases of N> (or NHa).
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PH;, B;H,, and AICly (or Al(CH3); carried in H;) are
incorporated directly into the primary gas stream during
chemical vapor deposition. For ion implanted crystals,
damaged or amorphous regions are annealed at a temper-
ature between 1400°C and 1800°C [14]. Unintentionally
doped (-SiC epilayers are usually n-type with electron
concentrations and mobilities of 3x10'-3x 107 cm™? and
250-550 cm?/V-s, respectively [15].

Historically, SiC can be considered one of the first known
semiconductors and electroluminescence was reported by
Round [16] in 1907. Blue light-emitting diodes (LED's)
have been fabricated by epitaxial deposition of SiC from
carbon-saturated silicon solutions [17]. Bipolar transistors
fabricated from material grown by a similar technique have
also been reported [11]. MESFET’s fabricated from a-
SiC were first reported by Muench et al. [11], [18] in
1977. In this work, a thin layer of n-type SiC doped
with nitrogen to a concentration of about 10'® cm™3 was
deposited by liquid-phase epitaxy (LPE) on a p-type SiC
crystal. The ohmic contacts were formed from an Al-Si
alloy and the gate was formed by depositing thin layers
of titanium and gold. Current saturation was observed and
the maximum transconductance was reported to be 1.75
mS/mm for a device with a gate length of 10 um. The
first 3-SiC MESFET was fabricated by Yoshida et al
[19]. The Al-doped p-type (3-SiC layer was epitaxially
grown on a p-type Si substrate, followed by growth of
an unintentionally doped n-type layer. The device had
high channel resistance and a maximum transconductance
of only 90 uS/mm was obtained. Improved devices with
transconductances of 1.7 mS/mm and 0.15 mS/mm at room
temperature and 400°C were later reported by the same
researchers [20]. MESFET’s fabricated from (-SiC have
also been reported by Kong et al. [21] and Kelner et
al. [22], [23]). The transconductances for these devices
were 1.6 mS/mm and 2.3 mS/mm, respectively. Junction-
gate field-effect transistors [24], [25] and depletion mode
MOSFET’s have also been fabricated from 3-SiC grown by
chemical vapor deposition (CVD) on an a-SiC substrate
(13], [14]. Recently, an o-SiC MESFET with a 1-um
gate length demonstrated a maximum room temperature
transconductance of 25 mS/mm and a current gain cutoff
frequency (fr) of about 3 GHz [26]. Although this device
has a significantly improved transconductance relative to
previously reported devices, it ’s performance is still limited
by high parasitic resistances. Much improved performance
can be expected as improved device fabrication techniques
yield lower parasitics.

B. Diamond

Crystalline carbon usually exists in two structures: dia-
mond (cubic) and graphite (hexagonal). At one atmosphere
pressure and room temperature, graphite is stable while
diamond is metastable. According . impurity content,
diamond is grouped into four distinct types: type Ia, Ib,
ITa, and IIb. Approximately 98% of natural diamonds have
nitrogen aggregates and are referred to as type la, Diamonds
in this category are usually near colorless and yellow,
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but they may also be brown or gray. In approximately
0.1% of natural diamonds and in most of the synthetic
diamonds produced under high pressure, nitrogen is present
on isolated substitutional lattice sites. This type of diamond
is referred to as type Ib and the diamonds are intrinsically
yellow. Diamond containing nitrogen as the major impurity
with a low concentration (less than ~10'® cm™3) is referred
to as type Ila and is usually near-colorless. Type IIb
diamonds contain boron as the major impurity and are
usually blue or gray in color. The diamonds exhibit slightly
p-type conductivity at room temperature. Semiconducting
diamond is generally type IIb and is extremely rare in
nature.

The electronic properties of diamond were investigated
in the 1930’s [1]. It was found that there were two basic
types of diamond according to different optical absorp-
tion spectrum. One type was opaque in the infrared and
ultraviolet spectrum while the other tvpe was transparent.
Little difference in other physical properties was observed
between the two types. Natural semiconducting diamond
was discovered in 1952 [27]. Custers found that type IIb
diamond phosphoresced when excited by far ultraviolet
radiation and showed high electrical conductivity, whereas
type Ila diamond did not phosphoresce and showed low
conductivity. In 1962, General Electric reported synthetic
p-type semiconducting diamond from a mixture of graphite
and catalyst metals (Ni, Fe, etc.) and small amounts of B,
Be, or Al at high pressures and high temperatures [28],
[29]. It has been shown that a concentration of atomic H
exceeding that of the equilibrium concentration associated
with the thermal dissociation of the reactant hydrocarbon
gases is necessary to achieve diamond growth [30], [31].
The technique used in [30], [31] consisted of a chemical
vapor transport process in a closed tube coupled with the
passage of H, through an electric discharge to produce
atomic H. Following this work, various approaches have
been reported including AC-plasma discharge [32], heated
W filament chemical vapor deposition (CVD) [33]-[35].
microwave plasma assisted CVD [36]-[40], RF-plasma
assisted CVD [40], [41], electron-assisted CVD [42], [43],
UV-assisted CVD [44], and the use of H-ion beams [44].
Using high-pressure synthesis, Sumitomo Electric [47], [48]
and DeBeers [46], [48] reported large type Ib diamond
crystals of size 12 mmx12 mm.

Monocrystalline diamond films necessary for microelec-
tronic device applications have only been grown on dia-
mond substrates. Attempts to deposit diamond thin films on
less costly substrates have produced polycrystalline layers.
The best of these films have grain sizes in the range of
1-10 mm, which is approaching a useful size necessary to
produce certain types of devices.

The production of device quality diamond requires tech-
niques for introducing controlled amounts of dopant im-
purities. Because of the low diffusivity of most impurities
in diamond, the diffusion doping technique does not work
well. Diamond can be doped by ion implantation [49]-{58]
or by CVD [59], (60]. Most attempts to dope diamond n-
type use Li or N, although C, P, As, O, and Sb have also
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Table I Material Parameters for Selected Semiconductors

K(W/°K-cm)
Semiconductor  Eg(eV) £y @300°K E.(V/cm) Tminority (S€C)
Si 112 11.9 1.5 3 x 10° 2.5 % 10~3
GaAs 1.42 12.5 0.54 4 % 10% ~ 1078
InP 1.34 124 0.67 4.5 x 10° ~ 1078
Diamond 5.5 55 30 (1.1 — 21.5) x 10® ~ 1079
a-SiC 2.86 10.0 4 (1-5) x 108 ~(1-10) x 10-°
3-SiC 2.2 9.7 4 (1 -5) x 105 ~(1-10) x 10~°

been reported. The electrical characteristics of synthetic
n-type diamond are not currently adequate for use of
this material in microwave and millimeter-wave electronic
devices. Most current device effort is directed toward inves-
tigation of devices fabricated using p-type diamond. Natural
semiconducting diamond is always p-type and synthetic p-
type crystals can be obtained using boron doping. Boron
doping by CVD [59], high pressure synthesis [29], and
ion-implantation [51] yield activation energies of 0.013 eV,
0.2-0.35, and 0.27-0.3 eV, respectively.

Many applications for diamond electronic devices have
been proposed [61), [62]. Preliminary development of de-
vices using both natural {63], [64] and synthetic crystals
[65]-[68] have been reported. Thermistors made of natural
[63] or synthetic [66] semiconducting diamonds can operate
at temperatures from 2 K to 1000 K. P-N junctions have
been obtained by implanting lithium [56], [57] or arsenic
[69] ions into p-type diamond crystals followed by high
temperature annealing. An LED which emits in the wave-
length range of 300-500 nm has been fabricated from an
ion-implanted diamond [70]. The first diamond bipolar tran-
sistor was reported in 1982 [64]. The transistor exhibited
very low current gain with an a ~ 0.1. An improved n-p-n
bipolar transistor with a current gain of 0.8 was reported
[69] by implanting As in natural semiconducting diamond.
A point-contact transistor reported by Geis [67] exhibited a
small signal current gain of 2-25 and a power gain of 6-35
at room temperature. At 510°C the current gain was 0.5-1.6
and the power gain was 1.3-4.5. Initial development effort
in the fabrication of diamond field-effect transistors has also
been reported [71], [72]. Initial work has been on p-channel
devices using boron doped diamond. A critical evaluation
of the potential of diamond electronic devices has been
presented by Collins [73].

III. MATERIAL AND CONTACT PROPERTIES

The RF performance of electronic devices is determined
by both the structural design of the particular device and
the electronic transport characteristics of the material from
which the device is fabricated. In addition, the manufacture
of devices requires that low resistance chmic contacts be
fabricated between the semiconductor and external metal
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conductors. Rectifying contacts are also required for many
devices in order to establish potential barriers for the
control of currents within certain device structures. In
general, contact technology is difficult on wide bandgap
semiconductors, especially for ohmic contacts.

Electronic material parameters of interest are electron and
hole transport characteristics as described by the charge
carrier velocity-field and diffusion-field characteristics. The
v-E characteristic is generally described in terms of charge
carrier mobility defined from the slope of the v-E character-
istic at low, ohmic electric field and the saturated velocity
defined when the carrier velocity obtains a constant, field-
independent magnitude. The value of electric field at which
saturation occurs is also of importance since it is an
indicator of how fast the charge carriers can be accelerated
to the saturation value. In general, the maximum frequency
of a device will be obtained with the charge carriers at their
saturated velocity. The critical electric field for dielectric
breakdown and the thermal conductivity of the material
determine the maximum power handling capability of the
device. The breakdown field places a fundamental limit on
the RF power that can be converted from the dc bias and
the thermal conductivity determines the ease with which
unconverted dc power can be extracted from the device.
The unconverted dc power produces a temperature rise in
the device which, in turn, degrades the electronic charge
carrier transport characteristics. The dielectric constant and
bandgap are also important material properties. The dielec-
tric constant is a factor in determining the device impedance
and the bandgap defines the upper temperature limit at
which the device can be safely operated. The bandgap is
also instrumental in determining the resistance of the device
to radiation. Wide bandgap materials are radiation resistant
and diamond, in particular, is the most radiation resistant
semiconductor known. In general, low dielectric constant
and high bandgap are desirable material characteristics.
Minority carrier lifetimes are important when designing
bipolar devices such as transistors and diodes where switch-
ing speed from a conductive to nonconductive state is of
importance. A comparison of some of the most important
material parameters for device applications for diamond
and SiC and the most commonly used semiconductors is
presented in Table 1.
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Fig. 1. Electron velocity versus electric field for several semiconductors
at Ng = 10'7em 3.

Both experimental and theoretical velocity-field charac-
teristics have been reported for diamond [74]-[77] and
for SiC [74], [78], [79]. The velocity-field characteristics
for both electrons and holes for several semiconductors
are compared in Figs. 1 and 2. As indicated in Fig. 1,
electron saturated velocity in both SiC and diamond is
in the range of (1-2)x 107 cmy/s. The carrier velocities for
diamond and SiC in Figs. 1 and 2 are approximate since
there is some uncertainty in the exact value for both the
mobility and saturated velocity due to few experiments
being performed. All indications are that the saturated
velocity is above 107 cmy/s in both materials. The theoretical
Monte Carlo results presented in [76] for diamond indicate
room temperature electron and hole saturated velocities
of 1.5x107 cm/s and 1.2x107 cm/s, respectively. The
electron low field mobility for an impurity concentration
of 10'7 cm™3 is about 1000 cm?/V-s and 250 cm?/V-s for
diamond and «-SiC, respectively. The measured electron
and hole mobilities in 3-SiC have been reponed to be
as high as 600 and 650 cm?/V-s, respectively, for doping
concentrations of 2x 10'® cm ™ [80]. The theoretical results
presented in [76] indicate electron and hole mobilities of
2200 cm?/V-s and 1900 cm?/V-s for undoped diamond. At
an impurity concentration of 2x10'” cm™3 the electron
mobility is reduced to about 700 cm?/V-s and at an impurity
concentration of 10'® cm ™3 the hole mobility is reduced
to about 1300 cm?/V-s. Hole mobilities in the range of
200-700 cm?/V-s (51} and 850 cm?/V-s [81] have been
measured in boron doped diamond. The saturated velocity
for holes in SiC is about 1x107 cm/s. The low field
mobility for holes in a-SiC, however, is very low (e.g.,
approximately 50 cm?/V-s) and it is very difficult to observe
saturation effects. This will severely limit the use of p-type
«-SiC in device applications.

The critical electric field ior avalanche in diamond and
SiC is significantly higher .han for the commonly used
semiconductors as shown in Fig. 3. The critical field
significar*ly exceeds 10° V/cm in both diamond [82], [83]
and SiC [84]-[87] ~nmpared to abont 5x10° V/cm for
the other semiconductors. The ionization rates for diamond
indicated in Fig. 3 were determined by applying the theory
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Fig. 3. Charge carrier ionization rates for several semiconductors.

of Baraff [88] to the experimental data reported in [82].
Baraff’s theory describes the dependence of the ionization
coefficients on the electric field by using three parameters:
the Raman optical phonon energy, the ionization energy,
and the carrier mean free path for optical phonon genera-
tion. Application of this theory yields ionization rates for
electrons and holes in diamond that can be represented with
the empirical expression

a=[=1935x 10%exp(~7.749 x 108/E) (1)

where a and 3 are the ionization rates for electrons and
holes, respectively, and are assumed equal. The ionization
rates for SiC indicated in Fig. 3 were calculated using the
data presented by Dmitriev et al. [86]. Dmitriev et al. find
6H-SiC to be strongly anisotropic with respect to avalanche
breakdown. They find the process of impact ionization to
be influenced by superstructure splitting in the conduction
band and that holes dominate the carrier generation. The
avalanche generation by electrons is considered insignifi-
cant. Anikin et al. [87] also find the avalanche breakdown
to be anisotropic and dominated by hole generation, but
believe that the avalanche mechanism involves deep level
states corresponding to residual impurities and not the con-
duction band superstructure. Epitaxial 6H-SiC is typically
grown in the c¢ direction and when the electric field is
parallel to the ¢ axis the ionization rates are

B =4.65x 10%exp(—1.2 x 107/E) ()
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SiC Theoretical Data

Dmitrlev et. al. (1983)

SiC Experimental Data
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Fig. 5. Cross sectional sketch of a microwave MESFET.
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A comparison of the breakdown voltage versus doping
calculated using Dmitriev’s results with experimental data
i presented in Fig. 4, along with the breakdown voltage
for GaAs. The data provided by Cree Research [89] is in
agreement with the Dmitriev results. The General Electric
data were taken from [84].

The hgh critical field indicates that devices fabricated
fiom these materials will sustain large applied voltages
before breakdown occurs. This factor is important when
working with materials with relatively low mobilities since
farge electric fields are required to achieve carrier velocity
saturation. Also, high breakdown voltage allows large bias
e be apphied with corresponding increase in RF output
power. High power operation produces significant heat dis-
sipation and thermal conductivities are important. Diamond
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and SiC both have high thermal conductivity as indicated
in Table 1.

Both ohmic and rectifying contacts are required in device
fabrication. Contact technology, however, is difficult on
wide bandgap semiconductors. When metals are placed
upon these materials rectifying behavior is generally ob-
tained. Schottky contacts on diamond have been formed by
vacuum evaporation of various metals [65], [67], [90], [91].
The height of the potential barrier is essentially independent
of the metal due to surface pinning and has a value in the
range of 1.3-1.7 eV. The room temperature reverse bias
breakdown voltages for nickel-diamond [91] and tungsten-
diamond [67] contacts have been measured to be 250 V
and 120-350 V, respectively. A study of Schottky contacts
produced from tungsten on boron-doped diamond has been
reported [67]. As a result of the low ionization of the B
acceptors (energy level at about 0.3 eV above the valence
band) at room temperature, the turn-on voltages of the 100
um? diodes exceeded 4 V and the series resistance ranged
from 1 to 2 k2. An ideality factor of 2 and a barrier
height of 1-3 V were determined from I-V measurements
taken at 580°C where most of the acceptors are ionized.
Similar characteristics were measured at 700°C. It has
been shown that proper chemical cleaning of the boron-
doped diamond surface allows the fabrication of Au-gate
Schottky diodes with excellent rectifying characteristics
[92]. The best rectifying p-n junctions in diamond have
been produced by implantation of Li ions into p-type
crystals followed by annealing at 1430°C [57], [93]. Good
rectifying contacts to SiC have been formed by deposition
of Ti/Au [11] and thermal evaporation of Au {10]. Gold,
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Fig. 6. RF performance versus charge carrier low-field mobility for
MESFET's biased at 17;, = 20V for a class A operation at 10 GHz
with (a) 1 um gate length, and (b) 0.5 um gate length.

which is the most successful Schottky material for SiC
has several disadvantages including poor adherence to SiC
and reaction with SiC above 400°C. There is interest in
refractory metals and refractory metal silicides (e.g., PtSi,)
for use as Schottky barriers on SiC. Rectifying p-n junctions
in SiC are formed by in situ doping during growth or
by ion-implantation. Typical p-type and n-type dopants
are B or Al and P or N, respectively. Diodes typically
exhibit high reverse voltages with low leakage current,
high current carrying capability and fast switching speed.
High temperature operation is possible and no significant
degradation in junction characteristics are observed, at least
to 350°C. Due to the large bandgap of SiC the build-in
potential is relatively high and has a value in the range of
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2.4-2.5 V, compared to 0.7-1.0 V obtained with GaAs and
Si. Ideality factors for SiC junctions are generally about
1.6-2.0, indicating a significant generation-recombination
current mechanism. The absence of a pure diffusion current
(which would be indicated by an ideality factor approaching
unity) is consistent with the low intrinsic density of n,~10-"
cm ™3 characteristic of SiC. Due to the high critical field
SiC diodes have high breakdown voltage (e.g., Vg>400 V
are easily achieved). Reverse leakage currents can be very
low due to the wide bandgap and reverse saturation current
densities in the range J,~107' A/cm? have been obtained.

Ohmic contacts to diamond have demonstrated very high
electrical resistance due to the large potential barrier of
approximately 4 eV at the diamond/metal interface [94].
Diamond is one of the least reactive of the elements and
contact formation is hindered by poor adherence which
contributes to high contact resistance. Most initial work
with diamond devices used techniques such as tungsten
point contact or silver paint to contact the semiconduc-
tor. The resulting contacts were characterized with high
resistance (e.g., ~k§2 and larger). More recent work has
obtained much improved ohmic contact performance using
annealed Ta/Au and Ti/Au deposits on polished diamond
surfaces {95], {96]. A thin film of a strong carbide formng
metal is deposited on the semiconducting diamond surface
and annealed to cause a chemical reaction between the
diamond and metal. Metals such as tantalum, molybdenum,
and titanium can be deposited and annealed to form reduced
resistance contacts that adhere well to the diamond. It
has also been reported that exposure of the diamond film
surface to a hydrogen plasma results in the fonmation of
a conductive layer which can be used to obtain linear I-
V characteristics [92]. The contact resistivity obtained on
diamond, however, remains large and must be reduced if
high performance electronic devices are 1o be fabricated.
Ohmic contacts to SiC can be formed by deposition of
metals such as Ni, Ag, Ta, W, Mo, and Ti. Sguiicied
TaSi; has provided a good ohmic contact to n-type ;3-SiC:
however, e-beam evaporation of elemental Ta has produced
ohmic contacts on this material with contact resistivities of
Rc~1075 Q-cm?, which is an order of magnitude better
than obtained using the TaSi,. Contacts to «-SiC are not
well established, although sintered Ni and a 94% Au/6%
Ta alloy have been used. This material produces contact
resistivities in the range of Re~107* Q-cm®.

IV. DIAMOND AND SIC ELECTRONIC DEVICES FOR
HIGH FREQUENCY POWER APPLICATIONS

In order to investigate the RF performance potential of
diamond and SiC clectronic devices, computer simulations
were performed. The investigation utilizes physically based.
theoretical computer models for the MESFET [97] and
IMPATT diode [98]. The models have demonstrated ex-

cllent accuracy in predicting the RF performance of a
variety of experimental devices fabricated from Si, GaAs.
and InP. The models requirc .ii2* -ial parameters, device
designs, and operating conditions as input data and provide

PROCEEDINGS OF THE IFFE. VOL. 79 NO 50 MAY juu




calculations of the dc and RF performance. The bipolar
simulations were performed using a commercially available
nonlinear devicescircuit simulator [99]. The simulator re-
quires that an equivalent circuit be established and, for this
work, the equivalent circuit elemcnt values were determined
from design calculations determined from the physical
operation of the device. Device structures were designed
to produce optimum RF output power and power-added
efficiency at a variety of microwave and millimeter-wave
frequencies. The results of the calculations indicate the RF
potential of the wide bandgap materials for use in these
applications. Only power applications were considered and
no attempt was made to consider the noise performance of
the devices. However, due to relatively low carrier mobility
of the wide bandgap materials compared to GaAs, the noise
performance of diamond and SiC devices is expected to be
inferior to GaAs devices.

A. MESFET's

The MESFET simulator {97] used in this work was
originally developed for studies of GaAs devices. The
device model is based upon efficient solutions of the basic
semiconductor device equations and. therefore, contains a
comprehensive description of the physical operation of the
device. Major physical phenomena known to be of impor-
tance to device operation are included. The model accepts
as input information material data such as charge carrier
transport characteristics, breakdown parameters, thermal
conductivity and diclectric constant, as well as device
destgn information such as geometry, doping profile data
and contact characteristics. Bias, RF circuit, and operating
conditions must also be supplied.

For this work, the simulator was supplied with material
parameters for SiC and diamond and MESFET struc-
tures were designed that resulted in optimized RF perfor-
mance. The high frequency performance was determined
for devices embedded in a realistic RF circuit. Therefore,
impedance matching considerations were significant in de-
termining device size limitations for maximum RF output
power. Similar devices fabricated from GaAs were also
investigated for comparison purposes.

A cross section of the MESFET device structure in-
vestigated is shown in Fig. 5. The MESFET has two
ohmic contacts (the source and drain) separated by some
distance. usually in the range of 3 to 10 ym. A rectifving
Schottky contact (the gate) is located between the two
ohmic contacts. Typically. the gate length is on the order of
0.1 to 2 yim for modern microwave devices. The width of
the device scales with frequency and typically ranges from
about 50 pm for millimeter wave devices, to 1-10 mm for
power microwave devices. All three contacts are located
on the surface of a thin conducting layer (the channel)
which is located on top of a high resistivity, nonconductive
substrate to form the device. In operation, the drain contact
s biased at a specified potential (positive drain potential for
an n-channel device) and the source is grounded. The flow
of current through the conducting channel is controiled by
negative de and superimposed RF potentials applied to the
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Fig. 7(a). 1-V characteristics for a diamond MESFET (L, = 0.5 jim.
W =1 pm).
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Fig. 7(b). [-V characteristics for a GaAs MESFET (L, = 0.5 pm.
W =1 pum)

gate. which modulate the channel current and provides RF
gain.

The parameters used for the diamond and SiC MESFET's
and also for a similar GaAs device are indicated in Table 2.
The diamond MESFET is assumed to have a Schottky gate
contact fabricated using gold. The drain and source contacts
are assumed ohmic with a specific contact resistivity of
Rc~10-4 Q-cm*. A contact resistivity of this value is
sufficient for microwave power applications where large
contact size helps reduce total contact resistance. However,
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Table 2 MESFET Parameter Values Used in the Simulations

Value

Parameter Diamond a-SiC GaAs

Lg (0.5—1) ym (0.5=1) ym 0.5 ym

Lygs 3.5 pm 3.3 pm pm

Lgs 1 ym 1 ym 1 ym

Ng 4% 107" cm—3 2.4 x 107 ¢cm™3 2.0 x 107 cm™3

a 0.15 pm 0.25 pm 0.23 ym

w 1 mm 1 mm 1 mm

$pi(An) 1.71 eV 195 eV 0.6 eV

Rc ~10~* Q ~ cm? ~107% Q — cm? ~ 1076 Q — cm?
400 . T T T Y T T 500

300

<

E 200
2

100

0

vds V)
Fig. 8(a). I-V characteristics for a SiC MESFET (L, =1 um, W =1

mm).

for millimeter-wave devices the contact resistivity will need
to be reduced to approximately Rc~1076-10"7 W-cm?
in order to produce low resistance contacts. Contact size
scales with frequency and reduced contact area is required
for mm-wave operation.

Mobility directly affects channel current and, therefore,
RF performance. The effect of varying mobility upon the
maximum power-added efficiency of power MESFET's is
illustrated in Fig. 6(a) and 6(b), respectively for devices
with 1 um and 0.5 pm gate lengths biased with a drain
voltage of 20 V for class A operation at 10 GHz. The
calculations shown in Fig. 6 apply to both SiC and diamond
MESFET’s. As indicated, mobility has a significant effect
upon the RF performance of the device, especially when
the mobility is low. The power-added efficiency increases
with mobility until a critical value of about 1500 cm?/V-

606

400

_ 300
<
E
T
- 200
100
0
Vds (V)
Fig. 8(b). -V characteristics for a SiC MESFET (L, = 0.5 pym. W =1
mm).

s is reached for the 1-um gate length device. Mobilities
above this value do not result in significantly improved
RF power performance. The limiting effect of mobility
is related to the magnitude of the electric field in the
channel under the gate electrode. This region consists
of essentially two regions: a low electric field region
where carrier transport is dominated by the mobility (ohmic
region) and a high field region where saturated carrier
velocity occurs. The boundary between these two regions
depends upon the device structure, primarily gate length and
bias conditions, as well as the magnitude of the mobility.
Power devices are ypically operated at high drain bias.
A high electron mobility results in a minimized ohmic
region under the gate electrode since the carriers are rapidly
accelerated by the high channel field. This allows the
channel current to be determined by the saturated velocity
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Fig. 9ia}. RF output power versus input power for diamond and GaAs
MESFET's (F=10 GHz, L,=0.5 um, ¥'=1 mm, Class A).

60 T T T T T T
L Diamond Vg = 40V E

s0 b """ Diamond Vds=20V
—-—- GaAs Vgg =8V

-

40 ,/"&

L

3¢

PAE max (%)

20

10

0 5 10 15 20 25 30 35

P, (dbm)

Fig. 9b). Power-added efficiency versus input power for diamond and
GaAs MESFET's (F'=10 GHz, L,=0.5 yem, W=1 mm, Class A).

and thereby maximized. For mobilities above about 1500
cm-/V-s essentially the entire channel under the gate is at
or above the saturation field. Therefore no improvement is
observed for increased values of mobility.

For mobilities below about 1000 cm?/V-s RF perfor-
mance degradation in the 1-um gate length device occurs.
The degradation results from an increased ohmic region in
ine Jhannel which limits the channel current. The degrada-
tion increases with reductions in mobility and. for mobility
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Fig. 9(c). Gain versus input power for diamond and GaAs MESFET's
(F=10 GHz, L4=05 um. W=1 mm, Class A).

in the range of about 250 cm?/V-s, significant degradation
in RF performance is observed as indicated in Fig. 6(a). At
this value of mobility a large portion of the conducting
channel is in the ohmic region, thereby minimizing the
effects of velocity saturation and reducing channel current.

The severe degradation shown for the 1-um gate length
device for a mobility of 250 cm?/V-s could be reduced
by techniques designed to increase the magnitude of the
electric field in the channel. For example, a reduction in
gate length is known to increase channel electric field and
produce incre.ied channel current. This is the technique
generally employed in the fabrication of GaAs devices
[100]. The effect of reducing gate length to 0.5 um is shown
in Fig. 6(b). The greater channel electric field reduces the
critical mobility required to achieve saturation to a value
of about 300 cm?/V-s.

Increased electric field also results from increased drain
bias. For class A operation the drain bias can be increased
until it is about 40-50% of the gate-drain breakcown
voltage. For modern Si and GaAs microwave devices the
relatively low breakdown field limits breakdown voltages to
about 20-25 V and drain bias voltages to the range of 8-12
V. The high breakdown fields of diamond and SiC should
permit these devices to be biased at much higher voltages.
This will, in fact, be necessary if efficient RF performance
is to be obtained.

Low charge carrier mobility also degrades device per-
formance through increased parasitic resistances. Both the
drain (Rd) and source (Rs) resistances are increased in
direct proportion to mobility. This effect is very significant
for very high frequency (mm-wave) and/or low noise
devices, or digital logic MESFET’s, which are fabricated
with relatively short gate widths. Power MESFET's. how-
ever, have large gate widths which, due to aspect ratio
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Fig. 10(b). Power-added efficiency versus input power for 0.5 ym and
I yrm gate length SiC MESFET's (F =10 GHz, 1{'=1 mm. Class A).

considerations, minimize the significance of low charge
carrier mobility. The parasitic resistances are typically
sufficiently low due to the wide gate width that even order
of magnitude decreases in mobility do not seriously degrade
device performance.

In order to determine the RF capability of diamond and
SiC MESFET's the device structures were optimized to
produce a maximum power-added efficiency at an input
drive level sufficient to produce a one dB compression in
the gain. The devices were biased for class A operation at
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Fig. 10(c). Gain versus input power for US prmoand 1o wire jenet?
SiC MESFET's (F'=10 GHz. W'=1 mm. Class A

a drain current of I, = [j../2. where [;.. i~ the channe:
current with zero bias applied to the gate clecttode The
calculations were performed for an operating frequenoy o
10 GHz with the device embedded in un RF cireuit and (he
circuit was tuned to obtain the desired pertormance

A comparison of the dc [-V characteristios obtamed o
the diamond and GaAs devices are shown in b (o
and 7(b), respectively. The maximum transconductances o
gm = 76 mS/mm and 4,,, = 190 mS mm tor the dramon.,
and GaAs devices, respectivelv. The lTower transconidie
tance of the diamond MESFET is due to o lurger pinch o
voltage. The diamond device. however. produces v e
current than the GaAs device for similar bias voltages fhes
results from the greater saturation velocdy of the chires
carriers in diamond. [n crder to achicve current saturaisen,
the diamond device requires larger dramn voltages than
the GaAs device. This 1s duc fo the lower mobility (i
about a factor of six) of the chirge carriers in dlamond o~
compared to GaAs. The magnitude ot the channel curnen
is an indicator of the power capabilitv of the device anid
the greater current of the diamond device s expected 1o
translate into improved RF power performance. The de 1A
characteristics for the SiC device are shown in Fig, 8 One
device is fabricated with a gate length of 1 pm. and the
other device has a gate length of 0.5 ym. The muxvimum
transconductances for the two devices are ¢, = 37 1.5 mm
and g,, = 16 mS/mm. The lower mobility ot the charoee
carriers in SiC limit the channel current 1o vadues fess than
can be obtained with diamond for comparable gate teneth
Drain bias voitages in the range of 510 V are requirest o
achieve current saturation.

A comparison of the RF power capability of e dizmond
and GaAs devices is shown in Fig. 9. The RE power. power
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Fig. 11. Small-signal input impedances for diamond and GaAs MESFET's.

added efficiency, and gain are shown in Figs. 9(a), 9(b),
and 9(c), respectively. The diamond MESFET performance
is determined for drain bias voltages of V4, = 20 and
40 V. The GaAs device is operated at a drain bias of
Vias = 8 V. The gate-drain breakdown voltage is critical
in determining the magnitude of drain bias that can be
applied. For GaAs devices with 1-um gate lengths, the
gate-drain breakdown voltage is typically in the range of
15-20 V. Generally, a MESFET can only support a drain
bias of about 40-50% of the breakdown voltage. Since the
breakdown field in diamond is at least twice and as much
as five times that in GaAs, gate-drain breakdown vnl'ages
in the range of 40-100 V should be possible. For this
reason. the diamond device was biased at the higher drain
potentials. The higher drain voltages result in improved
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RF performance as indicated in Fig. 9(a). The diamond
device produces about 6 W/mm of gate periphery RF power
compared to about 1 W/mm of RF power for the GaAs
device. The power-added efficiencies for the two devices
are comparable and in the range of 40-50%. The diamond
MESFET is more efficient (about ten percentage points)
than the GaAs device. The linear gain of the diamond
device is about 2-3 dB greater than that for the GaAs
device. Also, the dynamic range (i.e., the range of input
power for which the gain is constant) for the diamond
device is about 5 dB greater than that for the GaAs device.
The greater linear operating range of the diamond device
produces lower magnitudes of the harmonic frequencies
when the device is driven into saturation. This indicates
that diamond devices may be useful in applications ‘hat
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Table 3 GaAs and Diamond MESFET Operation at 10 GHz Device Input

Impedance Matched to 1

GaAs Diamond

Input Impedance (Q)
Z, for W =1 mm

Z;;, for max. width
RF Power at Max. Width (W)
Thermal Resistance (°C/W)
Paiss (W)
Power-Added Efficiency (%)

Channel Temp. Increase (°C)

10-11.5

1-1.15 (10 mm)

12.5-j25

0.7-j1.39 (18 mm)

8 225
10.2 18
15.8 187

30 36
113 215

require linear performance, such as receiver input stages.
Similar calculations performed for SiC MESFET’s with
1-pm and 0.5-pm gate lengths are shown in Fig. 10. The RF
output power, power-added efficiency, and gain for class A
operation at 10 GHz are shown in Figs. 10(a), 10(b), and
10(c), respectively. The devices were biased with V;, = 40
V. The SiC device produces about 5 W/mm of RF power
which also :dicates improved RF performance of the SiC
MESFET compared to the GaAs device. The lower RF
power of the SiC MESFET compared to the diamond device
is due to the reduced value of low field mobility and the
corresponding reduction in the conducting channel current.
Tke SiC MESFET is also capable of good power-added
efficiency (greater than 30%) and good gain. In particular,
significant improvement in the RF performance of the
device is observed for reduced gate length designs. High
performance MESFET’s fabricated from SiC will require
submicron lithography. The gate-drain breakdown voltage
of the SiC device should be comparable to or greater than
that for the diamond device. The thermal conductivity of
SiC, however, is only about an eighth of that for diamond
and this will limit the power performance of SiC devices
to power levels less than can be achieved with diamond.
The calculations presented assumed a gate width of 1
mm. While typical of device designs intended for X-band
(i.e., 8-12 GHz) microwave applications, this does not
represent the maximum device width that can be effectively
utilized. The maximum gate width possible scales inversely
with frequency and is determined by impedance matching,
as well as dc power dissipation considerations. Increasing
the gate width increases the RF current and, therefore, the
RF power that is generated. However, as the device width
is increased the input impedance of the device is reduced.
About the lowest impedance that can be matched to a
50-§2 circuit is 1 §2. This criterion can be used to obtain
an estimate of the maximum RF power capability of the
device by increasing gate width until the input impedance
is reduced to 1 {2. The resulting device design can then
be analyzed to determine the RF capability limits of the
device. The results of this type of analysis are presented in
Table 3 for both diamond and GaAs MESFET’s. The phase
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velocity in diamond is significantly lower than that in GaAs
due to the lower dielectric constant. An increased device
impedance results. For example, the input impedances for
diamond and GaAs MESFET’s with 1-mm gate width
are indicated on the Smith Chart shown in Fig. 11. The
impedance loci are for a frequency band from 2-20 GHz.
To reduce the diamond MESFET input impedance to a level
equivalent to that for the GaAs MESFET allows the dia-
mond gate width to be increased to 1.8 mm. The increased
gate width translates directly into increased channel current
and RF power. As indicated in Table 3, for operation at .
10 GHz, the maximum gate width in GaAs is 8 mm and
18 mm in diamond. Both devices produce power-added
efficiencies greater than 30%. Too large a gate width will,
of course, produce channel heating, which will limit the
RF performance of the device. The thermal resistances
for the devices were calculated and used to determine the
channel heating. At the power levels indicated in Table
3, the temperature rise in the GaAs device is 113°C and
215°C in the diamond device. Both materials are able to
support these temperatures. The maximum allowed channel
temperature before damage occurs is approximately 200°C
for GaAs and possibly in the range of 700°C-1000°C for
diamond.

The operation of the SiC MESFET as a function of
gate width was also investigated. In this study, however,
the operation of the device embedded in an RF circuit
was simulated and the gate width was increased until a
degradation in PAE of between 20-25% was observed. This
limit is arbitrary, but allows RF operation with good RF
output power and PAE. Large gate widths can result in
RF performance degradation due to distributed transmission
line effects. To minimize these effects multiple gate fingers
are used. A rule of thumb to avoid distributed effects is
to design the maximum gate finger length to be no more
than 1/20 of a wavelength. Gate finger length, therefore,
depends upon the operation frequency and for the 10 GHz
SiC MESFET is 250 um.

The calculated dc I-V characteristics for the 10 GHz
device are shown in Fig 12. With a gate width of 16 mm,
the device has an I4,, of about 7.7 A and a pinch-off voltage
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Fig. 12. -V characteristics for a SiC MESFET with L, = 0.5 um and
W = 16 mm.
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Fig. 13(a). RF output power versus input power for SiC MESFET's with
L, = 0.5 ym and gate widths from 1-16 mm (F = 10 GHz, V4, = 40
V. Class A).

of V, = —~11.6 V. The large gate width results in a reduced
maximum transconductance of 30 mS/mm, but good RF
output power is obtained. For RF operation the device was
biased at a drain voltage of 40 V and a channel current
of 3.4 A. The RF output power, PAE, and gain are shown
in Figs. 13(a), 13(b), and 13(c), respectively. The device
produces a maximum RF output power of 65 W, a PAE
of 23.4%, and a linear gain of 7.3 dB. The normalized RF
output power is about 4 W/mm.

If efficient operation is to be obtained the excess dc
power must be extracted from the device. The ability
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Fig. 13(c). Gain versus input power for SiC MESFET’s with Ly = 0.5
pm and gate widths from 1-16 mm (F = 10 GHz, 13, = 40 V, Class A).

of the device to dissipate excess energy is indicated by
the thermal impedance or resistance of the device. The
thermal resistance is a measure of the ease with which
heat can flow from the conducting channel to the heat
sink and it can be calculated from heat flow arguments
or measured using a combination of puise and dc operating
conditions. Since at 300 K the thermal conductivity of SiC
is about 4 W/K-cm compared to 1.5 and 0.54 W/K-cm for
Si and GaAs, respectively, significantly reduced thermal
resistance should result. For example, a 1-mm gate width
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GaAs power MESFET typically has a thermal resistance
of about 50°C-60°C/W. The largest contribution to the
thermal resistance results from heat flow through the semi-
insulating substrate. The resistance to heat flow from the
conducting channel into the substrate is generally small. and
the resistance to heat flow from the substrate into the heat
sink can be minimized by using a good thermal conductor
for the heat sink. Typically gold plated copper is used, but
if improved thermal resistance is desired type Il diamond
heat sinks can be employed. Ceramics with good thermal
characteristics such as metallized BeO are also used.

In order to minimize the thermal resistance of GaAs
power MESFET’s the semi-insulating substrate material is
generally thinned to a thickness in the range of 50 ;zm. This
results in a thermal resistance of about 60°C/W for a 1-mm
gate width device. Based upon its significantly larger ther-
mal conductivity a comparable SiC MESFET is calculated
to have a thermal resistance of about 7°C-8°C/W. For a 40
V drain bias and a drain to source current of Igs = l44,/2
a channel temperature rise of approximately 60°C-80°C
would result.

It should be noted that increased gate width will result
in lower thermal resistance due to the larger area between
the device channel and the heat sink. The thermal resistance
will scale inversely with gate width. It should also be noted
that SiC devices have demonstrated operation at tempera-
tures exceeding 350°C without significant degradation. In
fact, SiC devices often demonstrate increased currents at
elevated temperatures. This is thought to be due to increased
activation at the higher temperatures which compensates for
the decreased charge transport characteristics.

The RF performance of the SiC MESFET as a function
of temperature is indicated in Fig. 14. The RF performance
is calculated for device thermal resistances of 0°C/W,
5°C/W, and 10°C/W. The dissipated dc energy causes a
temperature rise in the conducting channel and, since charge
carrier transport varies inversely with temperature, reduced
mobility and carrier velocity result. The degraded charge
carrier transport produces a reduced channel current and a
corresponding degradation in RF performance. For a ther-
mal resistance of 10°C/W the RF power, maximum PAE,
and linear gain are reduced by about 1 dB, 5 percentage
points, and 2.5 dB. respectively.

The frequency performance of the devices was also
examined. Frequency performance scales directly with sat-
uration velocity and, since diamond and SiC have a higher
saturation velocity than GaAs, devices fabricated from these
materials may be expected to operate at higher frequencies.
The results of the calculations are shown in Fig. 15. This
figure presents a comparison of the one db compressed
RF power for GaAs, SiC, and diamond MESFET’s as
a function of frequency. The devices are redesigned and
scaled for several frequencies to determine the curve. The
performance of the GaAs devices are both experimental
and calculated. That is, the model accurately predicts the
performance obtained experimentally. The experimental
results represent the state-of-the-art for GaAs MESFET's.
The diamond and SiC device results were determined using
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Fig. 14(a). RF output power versus input power for an SiC MESFET for
various values of thermal resistance (F=10 GHz, L, = 1 pm, W =1
mm, 1, = 40 V, Class A).

the simulator. The calculations predict that at 100 GHz
about 1 W and 300 mW of RF power can potentially by
obtained from diamond and SiC MESFET’s, respectively.
This performance is significantly better than possible with
GaAs MESFET’s.

B. IMPATT Diodes

The IMPATT diode has proven to be a useful device
for the generation and amplification of RF energy from
the microwave to the high mm-wave spectrum. Although
in recent years the GaAs MESFET has taken over many
of the systems applications in the microwave spectrum,
IMPATTs are still used at mm-wave frequencies. The basic
structure for a double-drift IMPATT diode is shown in
Fig. 16. The device consists of a p-n junction, sandwiched
between two low doped “drift” regions. In operation, the
device is biased into avalanche breakdown of the p-n
junction. The electron and hole densities are driven by
the electric field and travel in opposite directions through
the corresponding drift regions to the device contacts. The
avalanche process produces approximately a 90° phase shift
in the RF current relative to the RF voltage. The delay
through the drift regions causes an additional inductive
phase delay which, when added to that due to the avalanche
process, results in a total delay exceeding 90°, thereby
generating a negative resistance. When placed in a resonant
circuit, the device oscillates. The double-drift structure is
generally employed for high frequency applications since
it operates basically as two back-to-back diodes. Device
impedance levels are increased, thereby permitting larger
area devices and higher output power to be obtained. A
disadvantage of the double-drift structure is that the most
significant dc power dissipation occurs in the avalanche
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Fig. 14(b). Power-added efficiency versus input power for an SiC
MESFET for various values of thermal resistance (F=10 GHz, L, = 1
pm, W = 1 mm, V4, = 40 V, Class A).
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Fig. 14(c). Gain versus input power for an SiC MESFET for various
values of thermal resistance (F=10 GHz, Ly, = 1 uym, W = 1 mm,
Vi, = 40 V, Class A)

region which is located inside the device. The problem is
alleviated for mm-wave devices due to thin drift regions,
which scale inversely with frequency.

When properly designed, the device will operate with
the electric field within the device above that required
to achieve charge carrier velocity saturation. The low
field mobility is only important in that it determines if
velocity saturation conditions can be achieved and is also
fundamental in determining the parasitic resistances due to
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Fig. 16. Double-drift IMPATT diode structure.

the necessary bulk semiconductor and contact regions. If
charge carrier mobility is too low, the semiconductor may
reach dielectric breakdown conditions before the saturation
field can be achieved.

IMPATT diode structures in Si, InP, GaAs, and diamond
were designed [{98]. The various diodes were optimized
by adjusting dopant levels and layer thicknesses until a
peak dc to RF conversion efficiency for each diode at
each frequency of interest was obtained. Operation at 35,
44, 60, and 94 GHz was considered. All diodes were
operated at the same current density for each frequency.
Bias current density scales with frequency and for this study
the bias current densities are 10, 12, 20, and 40 kA/cm? for
the indicated frequencies. The design parameters for the
diamond IMPATT diodes are listed in Table 4 along with
the calculated breakdown voltages.

The RF output power as a function of frequency calcu-
lated for the diamond IMPATT diodes are compared in Fig.
17 to experimental data for IMPATT diodes fabricated from
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Table 4 Diamond IMPATT Diode Design Parameters

Frequency (GHz)  Nyem™3) Ngem™3)  Xp(um)  x,(um) Vg
35 1.1 x 106 9.0 x 10!S 1.80 2.20 235
4“4 1.5x10'¢ 1.2 x 108 1.50 1.80 208
60 2.2 x 106 1.8 x 10'6 1.00 1.2 146
94 3.6 x 10!¢ 3.1 x 10!6 0.80 0.90 124

GaAs, Si, and InP. The numbers next to the plotted points
indicate the dc-to-RF conversion efficiencies obtained. The
diamond IMPATT is predicted to be capable of producing
about 10 W RF power with 22-23% efficiency at 3040
GHz. This is approximately five times the power capability
of comparable Si and GaAs IMPATT’s, although the con-
version efficiencies are essentially equivalent. The diamond
IMPATT has superior RF output power capability up to
about 100 GHz. At 100 and 220 GHz, the diamond IMPATT
is predicted to produce 1.5 W with 10% efficiency and 60
mW with 3% efficiency, respectively. The RF performance
degrades above 100 GHz and is approximately the same
as Si IMPATT’s up to about 220 GHz. The degradation
in RF power of the diamond IMPATT above 100 GHz
is due to spreading of the avalanche region. That is, as
the device length is reduced for higher frequency opera-
tion the avalanche region occupies an increasingly larger
proportion of the total diode length, thereby degrading the
device negative resistance. Optimum IMPATT operation
is obtained when the avalanche region is restricted to a
small portion of the total diode length. However, due to the
ionization characteristics of electrons and holcs in diamond
it is difficult to restrict the region over which avalanche
occurs. It is difficult to design IMPATT’s for operation at
significantly higher frequencies than indicated.

The dc-to-RF conversion efficiencies for IMPATT’s fab-
ricated from several materials are shown in Fig. 18. The
conversion efficiencies for Si, GaAs, and diamond are
approximately equivalent over a frequency range extend-
ing from 35 to 95 GHz, although the efficiency of the
InP IMPATT is significantly higher and demonstrates less
degradation with frequency.

An investigation of the RF performance of SiC IMPATT's
produces results that lie between those for Si and diamond,
in agreement with the calculations reported by Mehdi er al.
[101]. At around 100 GHz, the RF power performance for a
SiC IMPATT is essentially equivalent to that for a Si diode,
but the conversion efficiency is less than obtained for the
diamond device (i.e., less than approximately 10%). Below
100 GHz SiC IMPATT’s are capable of improved RF output
power compared to Si and GaAs devices, but have reduced
RF power capability compared to diamond devices. At
20-30 GHz, a SiC IMPATT is capable of producing about 4
W RF power with a conversion efficicncy of about 15-20%.
The high frequency performance of SiC IMPATT's is
limited by relatively large series resistance due to the low
carrier mobility. It will be difficult to take advantage of
the double-drift structure, especially with -SiC, due to the
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low hole mobility. A SiC IMPATT will probably need to
be fabricated as a single drift region device to eliminate
the large series resistance associated with p-type material.
Low carrier mobility and the corresponding large parasitic
series resistance become increasingly limiting as the device
is scaled for high frequency operation. High frequency
devices must have their area scaied inversely to operating
wavelength, and this, in turn, enhances the magnitude of
the series resistance due to aspect ratio considerations. For
this reason, conversion efficiency degrades rapidly with
frequency and SiC IMPATT’s will, most likely, by limited
to microwave applications.

C. Bipolar Transistors

Preliminary bipolar transistors have been reported in
diamond [64], [67]. These devices were limited in RF
performance by available technology. In particular, the
technology required to fabricate a complex, multilayered
structure such as the BJT does not presently exist. These
early devices, however, indicate the bipolar devices are
possible in diamond. Preliminary bipolar transistors have
also been reported in @-SiC [11] with current gains in
the range of 3 ~4-8. In the work reported here, the RF
performance of SiC bipolar transistors is investigated.

The RF power performance of bipolar transistors fab-
ricated from «-SiC was simulated using commercially
available software {99]. The simulator permits the RF
performance of devices to be investigated by the use of
equivalent circuit techniques. Equivalent circuit parameter
values are determined for specified bias and operating
conditions and then used as input data for the model. The
dc and RF circuits and the input RF conditions (input power
drive and frequency) must also be supplied. The simulator
returns RF output power at the fundamental and harmonics.
Knowledge of the RF output power, along with the defined
input power and dc bias conditions permits the RF gain and
power-added efficiency to be determined.

The design of the bipolar transistor was accomplished
using an iterative procedure beginning with assumed ge-
ometry and doping concentrations. For this investigation
doping densities are selected based upon technologically
achievable limits. That is, doping densities are limited to
those possible with currently available epitaxial growth
and doping technology. An initial estimate for the device
geometry can be determined from impedance matching
considerations, subject to distributed effects limitations.
Since operation at low microwave frequency will allow
large device size it is necessary to use multiple emitter
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Fig. 18. Conversion efficiency versus frequency for IMPATT diodes
fabricated from various semiconductors.

fingers. The length of each finger will vary according to
the design frequency, but in general will be subject to
the 1/20 A restriction discussed in the MESFET section.
The cross-section of the final device design is shown in
Fig. 19 and the design parameters are listed in Table 5.
The device was designed for 10 GHz operation and has a
total of eight emitter fingers. The number of emitter fingers
was selected based upon impedance matching and emitter
current density considerations. As the base-emitter junction
area is increased the input impedance decreases. BJT’s
fabricated from SiC, however, will have a relatively large
base resistance and this factor will ultimately dominate
the input impedance. Under these conditions the device
area will be limited by emitter current density and output
port impedance matching considerations. It is desirable
to keep the device output impedance in the range of
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25-50 §2 and the emitter current density in the range of
20-30 kA/cm?. The most critical design considerations
were directed toward the base and collector region. Base
region design issues include the conflicting effects of base
region resistance and base region transit time. Collector
region design issues include base-collector region capaci-
tance (charge storage) and base-collector depletion region
transit time. The base region design involves a calculation
of the current gain, base resistance, and base region transit-
time. The current gain is calculated from consideration of
minority carrier transport across the base region. In the
common-base configuration, the dc current gain is defined
as ap and is given by the expression

Qg
1 [ Wa D,sLsNp _. Wp
COSh(LB ) + %%Slnh(h?)

where the various terms are calculated from the design
dimensions listed in Table 5. Base region transit-time 7g
is also an important factor and this parameter is generally
defined in terms of the alpha cutoff frequency for the device
defined as

- 1 _ DnB
T 27rg TWE

fa %)

The dc current gain will degrade with frequency accord-
ing to the expression

aoe‘j‘"‘

6
1+j4 ©)

where the various terms are indicated in Table 6. These
expressions indicate the tradeoffs between base region
and base-collector region transit-times in determining the
current gain for the device.
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Table 5§ SiC Transistor Dimensions
Parameter Dimension
L 2 ym
a 0.5 pm
b 5 pm
c 50 pm
d 0.2 pum
n* 2 x101% cm—3
P 3 x 10'® cm—3
n~ 8 x 1015 cm—3
n} 4 x 107 em3
R¢(E) 5% 1075 Q — cm®
Re(B) 7x 1074 Q — cm?
R(C) 1072 0 — cm?

The base thickness is Wg=0.2 um. For this base thickness
a value of ay=0.894 is obtained, which results in a common-
emitter current gain of 3y=8.4. This is low according to Si
BJT standards where aq is typically greater than 0.95 and
Bo greater than 20. The parameters listed in Table S yield
a base resistance value of 29.7 2 for the 8 emitter finger
device. Selection of the base region thickness and doping
concentration is a critical design factor for the device. As
base region thickness is reduced ap increases and base
region transit-time decrease, enhancing performance, but
base resistance increases, thereby degrading performance.
An increase in base region doping reduces base resistance,
but decreases ag and base-region transit-time.

Tradeoffs involved in collector region design are directed
toward base-collector region capacitance, Cpc, and base-
collector depletion region transit-time, 7c. An increase
in collector doping decreases the base-collector deple-
tion region and corresponding transit-time, but increases
collector capacitance. An increased collector capacitance
lowers output impedance, thereby limiting device area. The
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Table 6 Element Values

Parameter Value
No. Emitter Fingers 8
Vce 150 v
Le 1A
BV 346 v
Ry 297 Q2
Ree 0.05 0
Cee 15.92 pF
Cae) 11.93 pF
Rg 25Q
Cse 0.184 pF
Cac 1.5 pF
Rec 250 Q
Rc 6.4 Q2
ag 0.894
3o 84
fo 23.7 GHz
Tc 23 pS
T (minorizy lifetimes) 10 nS

base-collector depletion region transit-time introduces an
inductive delay that degrades RF performance.

The large-signal equivalent circuit model for the BJT
used in this work is shown in the common-emitter config-
uration in Fig. 20. This is a standard model for the bipolar
transistor and contains elements of most significance to the
RF operation of the device. The calculated parameter values
are listed in Table 6. Package and lead parasitic elements
were added to make the simulations more physical. For
this work the common-emitter configuration and class A
operating conditions were chosen. Power devices can be
operated either in common-emitter or common-base con-
figurations. A common-base configuration is generally used
when the device is limited in RF performance by breakdown
voltage considerations. Since SiC has a large critical field
for breakdown, collector breakdown voltage limitations are
not expected to be a factor and for thi< reason iie more
desirable common-emitter configuration is selected.

The RF performance as a function of frequency for
the SiC BJT is shown in Fig. 21. At frequencies above
about 1.5 GHz the RF output power and gain degrade
at a —3 dB/octave rate. The PAE degrades rapidly with
frequency and the device will not produce useful power
above approximately 4 GHz. Below 1.5 GHz the RF output
power of the device is essentially constant, indicating
that the device design is probably not optimum for low
frequency operation. At these frequencies, the device area
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could possibly be increased to increase output power.
Attempts to design such a device, however, were not
successful due to impedance matching problems introduced
by increased collector capacitance and conductance with
large area devices.

V. SUMMARY AND CONCLUSIONS

The suitability of using SiC and diamond for fabrication
of high frequency clcctronic devices has been investigated.
The analysis consisted of theoretical calculations of the
power performance of MESFET, IMPATT, and bipolar
transistor device structures. Operation at microwave and
millimeter-wave frequencies was considered. The MESFET
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is an atuactive microwave device for implementation in
wide bandgap semiconductor due to its simple structure,
ease of fabrication and excellent RF performance. The
investigation revealed that MESFET’s fabricated in both
SiC and diamond may produce microwave and mm-wave
devices with superior RF power capability compared to
similar devices fabricated from commonly used semicon-
ductors such as GaAs and Si. Diamond MESFET’s are
capable of producing over 200 W of X-band power as
compared to about 8 W for GaAs MESFET’s. Devices
fabricated from SiC should perform between these limits.
A SiC MESFET will not perform as well as a diamond
device due to a larger thermal resistance, a larger di-
electric constant, and a lower charge carrier mobility.
Diamond MESFET’s may be capable of producing ap-
proximately 1 W of RF power at 100 GHz. Diamond
and SiC IMPATT diodes also are capable of producing
improved RF power compared to Si, GaAs, and InP de-
vices at microwave frequencies. RF performance degrades
with frequency and only marginal improvements are in-
dicated at mm-wave frequencies. Bipolar transistors fabri-
cated from wide bandgap material probably offer improved
RF performance only at UHF and low microwave frequen-
cies.

The realization of the predicted performance requires that
significant advances be made in material growth and doping
and contact technology in both SiC and diamond. Diamond
technology, in particular, must be significantly improved if
devices are to be realized. The calculations presented here
assumed n-type diamond witk: activated donors of specified
density. The n-type material was investigated because its
properties yield the highest performance devices and the
investigation was directed toward defining the ultimate
performance potential of the devices. In fact, device quality
n-type crystals have not yet been produced and it is not
known if suitable donors for producing n-type diamond ex-
ist. Obviously, if material technology cannot be successfully
developed electronic devices of significance will not be pos-
sible. These calculations do, however, indicate the potential
payoff from a successful material technology. If suitable
crystals can be produced, properly designed and fabricated
devices have the potential to significantly improve the RF
operation of high frequency devices over that available
from devices fabricated from competing semiconductors.
The development of diamond devices, in particular, will
represent a significant improvement in the state-of-the-art.
The future for SiC devices is more apparent. The material
technology is rapidly progressing and device performance
is improving. SiC diodes, LED’s, and MESFET’s will
most likely find commercial applications. It is expected
that the wide bandgap semiconductors will be useful in
power applications where the combination of high carrier
velocity and thermal conductance provide an advantage
not available with Si or compound semiconductor devices.
Device structures most likely to benefit from SiC and
diamond are those that operate in velocity saturation since
these devices minimize the degrading effects of low carrier
mobility.
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